The objective of this study was to investigate the effect of adding selected amino acids (glutamate, proline, lysine and valine) to brewing wort on the generation of aroma active compounds along with the transcriptional profiling of genes involved in nitrogen regulation. The results showed that changes in the amino acid levels had no significant impact on the general course of fermentation except for the addition of lysine, which prolonged the period that lager yeast was in suspension. Flavour profile of lager were significantly affected by valine addition, which improved the degree of fermentation and alcohol concentration. Changes in the amount of isoamyl alcohol caused by varied amino acid conditions were particularly important as it fluctuated across the flavour threshold. Amino acid supplementation resulted in a reduction in yeast total amino acid utilisation except for valine. Furthermore, we found that nitrogen regulation genes were differentially expressed according to the amino acid added and stage of yeast growth, demonstrating that divergent mechanisms and pathways are involved in transcriptional regulation downregulating activators or up-regulating repressors of nitrogen catabolite repression pathway at the mid-exponential stage. An enexpected expression of genes related to SPS sensing system and the TOR pathway was found during the late exponential stage. Overall, our results indicate that, during lager yeast fermentation, the production of aroma active compounds and nitrogen regulation can be significantly affected by changing wort amino acid composition.
Introduction
The lager brewing yeast (Saccharomyces pastorianus), a natural S. cerevisiae/S. eubayanus hybrid (1) (2) (3) , produces a range of minor but sensorially important compounds during fermentation derived from sugar and amino acid metabolism, mostly including higher alcohols, esters and carbonyls. Among all of the secondary metabolites of lager yeast, higher alcohols are produced in high concentrations and are significant in intensifying the beer flavour and aroma (4) (5) (6) . The biochemical formation of higher alcohols is primarily a result of branched-chain and aromatic amino acid catabolism through the Ehrlich pathway (7, 8) . Volatile esters, synthesised from an enzyme-catalysed condensation reaction between acetyl-CoA and a higher alcohol (9) , impart floral and fruity flavour to beer (10) . Even though most esters are only present in trace quantities, minor changes in their concentration may have dramatic impact on beer flavour as they can have a synergistic effect well below their threshold (11) . Acetaldehyde and diacetyl (2,3-butanedione) are also natural byproducts of beer fermentation, while they have unpleasant flavours at high concentrations in most beersa pungent 'grassy' flavour from acetaldehyde (12) and a butter aroma from diacetyl as a byproduct of amino acid synthesis (13) . Therefore, wort amino acid is of great importance to beer aroma production.
Yeast cells are able to preferentially utilise different nitrogen sources or amino acids. During the process, preferred amino acids could further repress the utilisation of non-preferred ones. This regulatory behaviour is termed 'nitrogen catabolite repression' (NCR) (14) . Five transcription factors are involved in regulating the expression of NCR-sensitive genes. Two transcriptional activators of the GATA family, Gln3 and Gat1, play important roles in the activation of NCR-sensitive genes by targeting the nucleus under nitrogen starvation conditions (15, 16) , while in nitrogen sufficient environments, the transcription activators are repressed by two negative NCR regulators, Dal80 and Gzf3, which compete with the transcription activators Gln3 and Gat1 for binding to GATA regulatory sequences (17, 18) . In addition, the transcriptional regulator Ure2 works as another negative regulator to prevent the translocation of Gln3 and Gat1 into the nucleus (14, (19) (20) (21) . Further, the intracellular location of transcription activators is regulated by two major upstream signalling pathways, the TOR-mediated phosphorylation pathway and the SPS (Ssy1-Ptr3-Ssy5) sensor system, which are responsible for regulating the phosphorylation of NCR transcriptional factors (22) (23) (24) . Ssy1 is a broad range amino acid permease like sensor in a complex with the phosphoprotein Ptr3 and the serine protease Ssy5. The external amino acid binds to Ssy1 in order to activate the SPS system via conformational changes and trigger subsequent phosphorylation of Ptr3 (25) . In the presence of a preferred amino acid, the inhibitory signal of NCR is generated from the interaction between preferred amino acid and Ssy1, which transduces to Ptr3 to activate the phosphokinases Tor1 and Tor2, leading to the phosphorylation of transcription activators and activated Tap42 (14) . The activated Tap42 promotes its interaction with protein phosphatase (Pph21/Pph22 and Sit4), which represses the dephosphorylation of regulators (26) . After receiving nitrogen signals, the TOR pathway and SPS sensor system regulate the phosphorylation and cytoplasm/nucleus distribution of NCR transcriptional factors, as well as the subsequent transcription of NCR-sensitive genes ( Fig. 1) .
Several studies have focused on the impact of amino acids on flavour production of lager fermentation (5) (6) (7) (27) (28) (29) (30) (31) (32) (33) . In our previous study, we identified glutamate, proline, lysine and valine as significant amino acids in fermentation and flavour profiles based on Plackett-Burman experimental design and analysis ((34) and unpublished data). However, less is known about the influence of individual amino acids on the transcriptional profiling involved in nitrogen regulation and the resulting flavour formation. Furthermore, existing transcriptional studies were based on the S. cerevisiae gene copy which represented one orthologue of S. pastorianus. In many cases, the divergent sub-genomes (S. cerevisiae, Sc, and S. eubayanus, Sb) in lager yeast appear to show some degree of genetic and functional differentiation (35) (36) (37) (38) , suggesting that further research with two orthologous genes in lager yeast is needed.
In this study, we used a multiplex genetic platform to examine the influence of amino acid (glutamate, proline, lysine and valine) supplementation on the transcriptional profiling and the impact on flavour formation of lager yeast. For this the expression levels were analysed of 12 genes (23 copies either from Sc or Sb) involved in nitrogen catabolite regulation. These results have enabled us to identify the most important regulated genes and to derive a general scheme representing how yeast cells adapt their transcription to different wort amino acids.
Materials and methods

Yeast strain and fermentation conditions
Experiments were performed using an industrial lager brewing strain, S. pastorianus TT-21, obtained from a Tsingtao brewery yeast storage vessel. YPD medium was inoculated with S. pastorianus TT-21 and incubated in flasks at 25°C for 48 h with hand shaking twice a day. Standard 13°P sterile hopped wort was obtained from Tsingtao brewery, to which 50 mg/L of glutamate, proline, lysine and valine were added individually. Fermentations were conducted in 220 mL EBC tubes in triplicate; static fermentations were carried out at 12°C. The yeast was inoculated with a pitching rate of 2 × 10 7 cells/mL. The course of fermentations and yeast growth were followed by withdrawing samples at intervals for up to 24 h after pitching. For GeXP analysis, the collected yeast was immediately treated with RNALater (Ambion, USA) following the manufacturer's instructions and stored at À80°C for RNA extraction.
Fermentation analysis
The number of suspended yeast cells was determined using Countstar® automated cell counter (Count Star, China). The final RDF (real degree of fermentation) and alcohol content were measured with an Anton Paar analyser (Anton Paar GmbH, Austria). Headspace gas chromatography (HS-GC) was used for the measurement of diacetyl, pentanedione, acetaldehyde, higher alcohols and esters formation (6) . The amino acid composition of wort and the fermenting beer were analysed according to a modified analysis by Charlie van Wandelen & D. Kutlán using an HPLC system (Waters, USA). 
RNA isolation
RNA was isolated from yeast samples using the PureLink ™ RNA Mini Kit (Invitrogen, USA) according to the manufacturer's instructions. DNase treatment was performed by Turbo DNA free ™ Kit (Invitrogen, USA). The total RNA concentration was quantified using a Nano Drop 2000 spectrophotometer (Thermo, USA).
GeXP multiplex gene expression analysis
The whole genome sequencing of S. pastorianus TT-21 in our previous work (unpublished) enabled an investigation of nitrogen catabolite regulation genes and their corresponding origins. Thirteen target genes of S. pastorianus TT-21 [13 genes with 24 copies of interest (GOIs; DAL80-Sc and -Sb, GAT1-Sc and -Sb, GLN3-Sc and -Sb, GZF3-Sc and -Sb, PPH21-Sb, PTR3-Sc and -Sb, SIT4-Sc and -Sb, SSY1-Sc and -Sb, SSY5-Sc and -Sb, TAP42-Sc and -Sb, TOR1-Sb, TOR2-Sc and -Sb, URE2-Sc and -Sb) and one reference gene with two copies (RGs; ACT1-Sc and -Sb)] were selected for the multiplexing analysis of gene expression related to yeast NCR regulation. Suitable gene-specific primers were designed for reverse transcription and PCR amplification ( Table 1) using GenomeLab ™ eXpress Designer GeXP software (Beckman Coulter, USA). For the multiplex reaction design, the kanamycin (KAN r ) gene was the internal control. The primers were synthesised and purified using the PAGE method (Invitrogen, USA). The GeXP multiplex gene expression analysis was performed according to the manufacturer's instructions using the Beckman Coulter protocol and our previous research (39) .
Data analysis
The values represent the averages of three independent replicates. The data collected were analysed using SPSS. The results were statistically evaluated using a paired samples t-test for judgement of significant difference with the control (p < 0.05). Principal component analysis (PCA) was carried out with flavour results in order to reduce the dimensionality of the multivariate data and allow visualisation of the difference within the data set.
Results
Fermentation
Fermentation trials were conducted by supplementing with different amino acids to the brewery wort in order to assess impact on the production of volatile metabolites and the transcriptional response of genes involved in nitrogen regulation. The effect of amino acid supplementation on the progress of the fermentation is shown in Fig. 2 . There was no significant difference in the maximum suspended yeast cell counts between amino acid supplemented and control fermentations (p > 0.05). However, addition of lysine caused a significant increase suspended yeast cell counts at 120 h in comparison with the control (p < 0.05; Fig. 2a ). Supplementation with the four amino acids had no significant impact on the residual extract (Fig. 2b) . The final RDF and alcohol concentration (% v/v) were significantly higher with valine supplementation ( Table 2) .
Production of flavour active metabolites
The final concentration of aroma active compounds are presented in Table 3 after 240 h of fermentation in EBC tubes with lager yeast TT-21. Flavour metabolite production varied with the amino acid addition (Fig 3) . The result of the PCA scores plot showed that the flavour profile of the addition of valine aggregated and presented a clear difference to those of other amino acid supplementations and the control. In this study, addition of 50 mg/L valine caused a decrease in diacetyl level. Valine supplementation increased production of propanol, isobutanol and the resulting total higher alcohols when compared with the control. It was also found that fermentations with added lysine increased the production of isoamyl alcohol. Differences between various profiles of ester formation were small. Nevertheless, statistical analysis revealed a significant decrease in proline supplementation in isoamyl acetate formation when compared with the control. Glutamate supplementation did not affect flavour compound formation in this study.
Amino acids absorption
Beside flavour formation, amino acid absorption by yeast during different fermentation experiments was studied. A detailed analysis of single amino acids in wort and final products after 240 hours of fermentation were conducted, with exceptions of histidine+glutamine and serine+asparagine, which could not be separated using this protocol. In terms of percent utilisation, the most preferred amino acids were serine (> 97% uptake), which were followed by threonine (> 96% uptake). The lowest uptake was seen with histidine+glutamine, alanine and proline, in which the concentration was higher at the end than in the fermenting wort.
The utilisation of each amino acid was shown in Table 4 . The addition of amino acids resulted a significant reduction of total amino acid utilisation in comparison with the control. Adding glutamate significantly inhibited the absorption of glutamate and glycine. Further, proline supplementation caused a significant decrease in glycine absorption. Addition of lysine, in particular, significantly lowered the utilisation of wort amino acid, including aspartic acid, glutamate, tyrosine, glycine, leucine, histidine+glutamine, phenylalanine and lysine. Addition of valine inhibits the uptake of tyrosine, histidine+glutamine and glycine.
Transcriptional responses triggered by amino acids
The influence of amino acid addition on activity of nitrogen regulation was quantified with the expression 13 genes (24 copies for lacking the access to PPH21-Sc and TOR1-Sc in TT-21 genome) in fermentations. In addition, different growth stages (mid-exponential stage at 48 h and late-exponential stage at 72 h of fermentation) were analysed for their differential transcriptions ( Fig. 4) .
At mid-exponential stage, the expression of four genes changed in their expression level after amino acid supplementation (Fig 4a) . Both GAT1 genes (-Sc/-Sb) showed significantly lower expression with valine supplementation than the control (p < 0.05). GAT1-Sc also presented significantly repressed transcription when lysine was added (p < 0.05). Apart from the GAT1-Sc gene, GLN3-Sc displayed significant lower expression after the addition of lysine (p < 0.05). The transcription of DAL80-Sc was strongly depressed at mid-exponential phase, and At the late-exponential stage, seven genes were differentially regulated by amino acid addition (p < 0.05; Fig 4b) . Addition of valine significantly increased the expression of SSY1-Sc gene (p < 0.01). Significant down-regulation of SIT4-Sb under the addition of both valine and lysine was noted when compared with the control (lysine: p < 0.05; valine: p < 0.01). SSY1-Sc/-Sb, SSY5-Sb, TOR2-Sc and DAL80-Sc showed significantly higher expression with glutamate addition (p < 0.05). Only in the case of proline supplementation was a significant up-regulation of URE2-Sb observed (p < 0.05). Transcription of other genes was not affected by amino acid supplementation (p > 0.05).
The expression profile of all of the examined nitrogen transcriptional regulation genes with different growth stages is shown in Fig. 4(c) . Transcriptional activators GAT1-Sc and GAT1-Sb were found to be highly expressed during the period of yeast exponential growth. The expression of Dal80-Sc, a transcriptional repressor of the NCR pathway, was strongly suppressed at mid-exponential stage, with slight increase at the late-exponential stage. Transcription of individual genes was further compared for significant differences between the mid-and late-exponential growth stage.
Expression of GAT1-Sc and Gln3-Sc was significantly decreased at the late-exponential stage (p < 0.05). On the other hand, significant up-regulation of Ure2-Sb, Ssy1-Sb, Ssy5-Sb, Tor1-Sb and Pph21-Sb at late-exponential stage (p < 0.05) was found.
Discussion
In this study, standard 13°P sterile hopped wort from the brewery was used, to which different amino acids were added under conditions specific to lager beer production. The amount added of amino acid took into account the fluctuation of amino acid concentration in brewery wort. It is generally accepted that the addition of yeast assimilable nitrogen leads to an increase in biomass production (40) . This could not be confirmed in this study, where no significant increase in yeast growth was shown. The result suggested that the effect on biomass production with addition of amino acid was related to its original nutritional composition (amino acid concentration and sugar content in wort). Similar findings have been reported by Susanne et al. (41) . However, addition of lysine increased yeast cell counts at 120 h, when the suspended biomass began to decrease because of flocculation and sedimentation, indicating a role of lysine in prolonging the suspension period of lager yeast.
Addition of valine caused a significant decrease in diacetyl and increase in isobutanol levels which was not unexpected, given the mechanisms of inhibition of diacetyl precursor formation by valine and its involvement in the Ehrlich pathway (42, 43) . Supplementation of proline slightly decreased the level of isoamyl acetate, which could be related to potential changes in intracellular acetyl-CoA levels. In this study, glutamate supplementation had no significant effect on flavour compound formation, probably because of the low concentration of the additions. The differentiation shown in the PCA plot ( Fig. 3 ) was in agreement with the results based on the aroma concentration in fermentations with different amino acid additions, indicating that flavour formation was more strongly affected by valine addition than others. Furthermore, the final concentration of isoamyl alcohol in fermentations with different amino acid conditions fluctuates across its flavour threshold (70 mg/L). Therefore changes in the amount of isoamyl alcohol caused by fluctuations in wort amino acids are particularly important.
In the presence of rich nitrogen sources, NCR was intensified throughout the yeast exponential growth stage by various mechanisms. At the mid-exponential stage, transcriptional activators of NCR from the GATA family were down-regulated with valine and lysine supplementation. Decreased expression of both GLN3 and GAT1 was observed under lysine supplementation, while valine depressed the expression of GAT1 gene. According to previous studies, GLN3-dependent transcription was more NCR-sensitive than that mediated by GAT1 (19, 44) . This means that lysine exerted a more intense inhibition on NCR than valine, which was also supported by the result of amino acid utilisation. At the same time, upregulation of NCR repressor DAL80 was accompanied by addition of glutamate. At the late-exponential stage, where preferred amino acids are still available in the environment, the use of the nitrogen source by brewing yeast remains under NCR control. Valine and glutamate supplementation resulted in up-regulation of transcriptional changes in the SPS-sensing system. A stronger NCR effect was detected with glutamate addition, which further activated the Tor1/2 signal transduction pathway by up-regulating TOR2 expression and the transcription of NCR repressor DAL80. At the late-exponential stage, the effect of lysine addition to control NCR was mainly regulated through the inhibition of phosphatase SIT4 to reinforce the extent of Gln3p phosphorylation. Even though proline was a non-preferred nitrogen source, NCR was active at the late-exponential stage. As proline inhibits the total absorption of amino acids, an increased amount of amino acids at lateexponential stage might induce NCR through up-regulation of URE2. Further investigation is needed before reliable conclusions can be drawn. Finally, it has been shown that very little Dal80p exists during times of strong NCR (45) . In this study, transcription of DAL80-Sc was strongly depressed during the mid-exponential phase, with marginal improvement at the late-exponential stage, which emphasised the NCR effect throughout the fermentation. On the whole, NCR was active through NCR activators or repressors at the mid-exponential stage, whereas the SPS-sensing system and TOR pathway dominated the NCR control at the late-exponential stage.
Conclusions
In this work, lager yeast fermentations with the addition of four amino acids to brewery wort were performed individually. The effect of amino acid supplementation on the formation of flavour compounds and the transcriptional response of nitrogen regulation genes was investigated. These results demonstrate that varying the key wort amino acid concentration can change the final concentrations of important aroma contributing metabolites and affect the final flavour profile of lager beer. Meanwhile, it was confirmed that the expression of genes participating in nitrogen regulation was affected by the addition of selected amino acids and the of stage of yeast growth. Nevertheless, different mechanisms and divergent pathways were involved with distinct amino acid composition. These results suggest future research into possible indicators and markers that may impact on of flavour control. Therefore, additional studies using brewery wort with different malt varieties and distinct mashing regimes are necessary to obtain full understanding of how yeast cells adapt their transcription to different wort amino acid composition.
